Abstract One pressing need in the area of public health is timely, accurate, and complete reporting of deaths and the conditions leading up to them. Fast Healthcare Interoperability Resources (FHIR) is a new HL7 interoperability standard for electronic health record (EHR), while Sustainable Medical Applications and Reusable Technologies (SMART)-on-FHIR enables third-. This research demonstrates the feasibility of developing SMART-on-FHIR applications to enable medical professionals to perform timely and accurate death reporting within multiple different jurisdictions of US. We explored how the information on a standard certificate of death can be mapped to resources defined in the FHIR standard (DSTU2). We also demonstrated analytics for potentially improving the accuracy and completeness of mortality reporting data.
I. INTRODUCTION
Mortality is one of the most reliable sources of healthrelated data that is comparable across different geographical locations and is a large source of population-level health data, with approximately 56 million deaths per year world-wide [1] . In the United States of America (US) alone 2.6 million people die each year [2] , with 60-80% being certified by physicians. Timely and accurate mortality data is essential for formulating emergency response to epidemics and new disease threats, prevention of communicable diseases such as flu, determining vital statistics such as life expectancy, mortality trends, etc.
Accurate collection and aggregation of high-quality mortality data remains an ongoing challenge primarily due to issues such as the lack of practice for physicians to perform death certification (on the order of 1-2 times a year), nonstandard methods to determine the cause of death information, complex data flow between the funeral home, the certifying physician and the registrar, non-standard practices of data acquisition and transmission [3, 4] . The issue is further compounded by the fact that each location has different laws regarding the format of the death certificates and the type of information collected. For example, in the US, the National Center for Health Statistics aggregates mortality data from the 57 reporting jurisdictions around the country. However, the precise regulations and local laws of each reporting jurisdiction differ [5] .
A decision support system that can assist the physician to fill the appropriate cause of death and put on the death certificate in the requisite format can largely assist to mitigate these challenges of data accuracy. Additionally, current efforts towards mortality reporting standardization using technologies such as HL7 V2 [6, 7] and CDA [8] have some shortcomings, such as challenges in integrating with large-scale web services. As a result, the current flow of information between the various providers and registrars is not optimal. Also, under the new meaningful use of EHR, the government requires healthcare institutions to show at least partial support of APIs to show potential for sharing data, interoperability and clinical decision support [9] . The current systems of HL7 and CDA do not have the capability to support APIs and incorporate decision support systems that facilitate the use of data from the health records to notify the certifying medical professional of events that may be associated with the death.
To overcome these challenges, we propose a framework (FHIR) as both an application platform and a means of accessing EHR data. FHIR is a new emerging health standard that is aimed at streamlining and standardizing healthcare communication using a resource-centric approach (as opposed to document-centric) for specification of data elements. It is designed to allow simple implementation using existing technologies such as restful APIs, OAuth security, and XML/JSON data. [10] . FHIR was chosen for the application of death certificates, because it is vendor-neutral, scalable, and is positioned to emerge as a global standard. FHIR is designed to work within current EHR systems using APIs and can be used to pre-populate death certificates to aid physicians in determining the cause of death information. FHIR is also currently the only standard which supports the addition of analytics into the EHR systems [11, 12] . The ultimate goals of this project are to generate information that will aid in more complete physician reporting of the causes of death, and to provide valuable mortality information to registrars, public health department, and other authorized parties in a timelier manner.
II. WEB APPLICATION DESIGN
A web application was implemented in HTML and JavaScript, using the SMART-on-FHIR JavaScript client library (https://github.com/smart-on-fhir/client-js). The application runs in the browser, securely accessing the FHIR Ryan A. Hoffman, Hang Wu, Janani Venugopalan, Paula Braun and May D. Wang server using OAuth2 authentication. The application was developed and tested using a virtual FHIR server. The development server is based on a Vagrant VM configuration created by the SMART project team (https://github.com/smart-on-fhir/installer). In addition to the SMART-on-FHIR compliant EHR server, an application server hosts CGI interfaces to UMLS and data mining functionality. An outline of the proposed infrastructure for a SMART-on-FHIR-based mortality is shown in Figure 1 .
A. Application Features
This application was designed with the ultimate goal of enabling not just more timely, but also more accurate and complete data about the chain of events ultimately leading to death. As such, it is designed to allow the simultaneous visualization of a large portion of the patient history. As mortality reporting in the United States has adopted the ICD-10 standard since 1999, integration with the Unified Medical Language System (UMLS) Metathesaurus is necessary to enable crosswalk between medical event coding systems.
B. Illustrative Synthetic Data
To aid in interface prototyping and illustration of the application interface in Figure 2 , synthetic patient data was created for patients with a variety of conditions surrounding a hypothetical recorded death.
C. Interface Design
The application main interface is illustrated in Figure 2 .
displaying basic identification data as well as recent noted mation is pulled from Patient, Condition, and other FHIR resources.
The largest, central pane displays an interactive patient history timeline generated using the popular D3 and D3-tip visualization libraries (https://d3js.org, https://github.com/Caged/d3-tip). Events displayed on the timeline are spaced logarithmically, with the axis anchored at the time of death. This allows simultaneous visualization of events occurring around the time of death alongside relevant istory. Scrolling adjusts the scaling to allow focus on past and recent events. The events shown on this timeline are generated using Condition resources accessed from the FHIR server.
The bottommost panes are designed so as to recreate the familiar-to-users appearance of the US Standard Certificate of -of-death field layout, with a chain of one or more events occurring as consequences of one another.
Buttons are provided to access important features, such as closing the application, submitting a death certificate package, or interfacing with UMLS.
III. SEQUENTIAL PATTERN MINING ANALYTICS
This application illustrates how next-generation web services can be developed to aid in timely, accurate mortality reporting. To better understand the availability of this data and demonstrate this capability, we use sequential pattern mining on one year of NVSS data to mine a list of rules that can be used directly in the application to propose common pathways of events that may have lead to death.
A. Data
National Vital Statistics System, coordinated by the National Center for Health Statistics aggregates the causes of death for all deaths occurring within the United States from 1959 to 2014 [2] format in vital statistics offices of each state, the District of Columbia, and other special jurisdictions varies, but generally consists of the underlying cause of death as recorded by physicians and other details such as the demographics, comorbid conditions, race and ethnicity.
B. SPM Background and Related Work
The temporal models commonly seen in the literature include models such as sequence analysis [13] [14] [15] [16] [17] and association rule mining [16, 18, 19] . Sequential Pattern Mining (SPM) is a data mining technique that seeks temporal relationships among events (in this case the underlying causes of death) [20] and has been extensively examined in the literature with applications in pattern mining [21] (AprioriAll [22] , SPADE [23] ) and database projections. (PrefixSpan [24] , MEMISP [25] ). Recently, privacy preserving pattern mining [26] [27] [28] and distributed mining [26] have attracted considerable interests. In health care, SPM has applications in heart disease prediction [29] , healthcare auditing [30] , and neurological diagnosis [31] , violent death reporting [32] etc. The input data to an SPM is The goal of SPM is to discover all valid sequential patterns with precandidate pattern is the proportion of sequences in the data that exhibit the pattern [33] . For example, in the Multiple Cause-of-Death data, each record contains a list of ordered conditio -if we observe Condition 1, we can assert that Condition 2 will possibly follow Condition 1. This was introduced as an improvement over Association Rule Mining (ARM) [21] , meaning if we observe Condition 1, we are also likely to an ideal algorithm for the current task of discovering the most probable sequence of events that led to the cause of death to help certifying physicians fill the death certificates.
C. SPM Problem Formulation
As discussed above, the NCHS database consists of up to 20 underlying conditions C = [C1, C2, ..., CK] which lead to death, where C = {C1, C2, ..., CK} is the list of unique events/conditions. Using this data as the training, set our goal is find the list of most frequent sequence conditions S = <s 1, s2, ..., sT> which can occur given the outcome and comorbidities. A sequence S is an ordered set of items, denoted as S = < s1, s2, ..., sT >, where each ei C is an item and the sequence is of length T . A set of sequences D is a collection of sequences, D = {S (1) , S (2) , ..., S (N) }, where the superscript denotes the index of an individual sequence and N is the number of total number sequences. 
t. R P and support(R) = support(P).
SPM aims to discover sequential patterns that have support larger than a pre-specified minimum support. For example, we have the following set of sequences in Table 2 stands for temporal orders) and want to identify rules with a minimum support of 0.8.
D. SPM Methodology
In our experiments, we use the BIDE algorithm, short for BI-Directional-Extension-based frequent closed sequence mining, proposed in Wang et al. [34] . Conventional sequence mining algorithms adopt a candidate maintenanceand-test paradigm, in which they maintain a list of discovered closed rules and use the rules to prune the search space and determine whether new rules are promising to be closed. Such paradigm is accurate but lacks scalability with respect to the number of frequent closed rules, both in time and storage. On the other hand, the BIDE algorithm aims to find all the frequent closed rules, without candidate maintenance.
E. Pattern Mining Results
We apply the aforementioned algorithm BIDE to Multiple Cause-of-Death Mortality Data from NCHS to find most frequent seq 864 deaths. We set the minimum support to be 50 and identified a total of 65,915 frequent closed rules. We present the distribution of rules of different lengths in Table 1 . Due to the space limits, we present the top 5 rules of length-2 in Table 2 for illustration. The full set of rules was deployed as a lookup table service using a CGI script, integrating it into the death reporting prototype application. Chronic ischemic heart disease -> Heart failure 63,283 2.48%
IV. CONCLUSIONS AND FUTURE WORK
This work demonstrates the feasibility of using the SMART-on-FHIR application framework to develop public health applications for mortality reporting, improving the timeliness and accessibility of such reports. Intelligent analytics have been show integrated with the prototype application, demonstrating future potential for improving the accuracy of death reporting. Future work may focus on using alternative data sets, as well as the more complete patient information exposed though the interoperability of FHIR, to construct more personalized and precise analytics systems. Further development is ongoing to develop precise FHIR resource profiles to concisely, completely, and flexibly represent death certificate data.
